
commissioned an engineering consultant with substantial experience

in broadcasting and broadcast equipment -- Carl T. Jones

Corporation -- to review several relocation alternatives and

estimate the cost of moving BAS stations. 32 Specifically,

Motorola's engineering consultant accumulated current frequency

data on licensed systems in the BAS bands, and after eliminating

duplicate records, estimated the cost of moving both fixed and

mobile stations to adjacent and higher bands. Three possible

scenarios were developed: (1) relocating only Channel 1; (2)

relocating Channels 1 and 2; and (3) relocating all seven BAS

channels. The following table summarizes the results of this

study. 33

32 Attached hereto as Appendix II is the Report of Findings
Regarding Studies Undertaken to Determine Displacement Impact Upon
2 GHz Terrestrial Stations, Carl T. Jones Corporation (May 1995).

33 Costs to operate BAS in the 4.6 GHz band, as some broadcasters
have recommended, appear to be similar to or less than the cost of
operating in the 7 GHz band (Alternative "B"), assuming the same
technology used today. Accelerating the deployment of HDTV could
help reduce the cost of digital video compression technologies
that might also be used in the BAS operations.
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Table 1

Estimated Costs of
(Fixed

Relocating BAS
and Mobile)

Channels

Licensed Affected Number of Relocation Alternatives
Frequencies Channel(s) Affected Total Cost in Dollars

stations

Fixed Mobile A
34

B C

1990-2008 MHz 1 860 551 $72,310,000 $110,230,000 $126,310,000

1990-2025 MHz 1 Ii< 2 1076 687 90,260,000 137,460,000 158,290,000

1990-2110 MHz 1 to 7 2209 1134 N/A 244,630,000 284,280,000

Note: Alternative "A" is shifting the BAS channel (s ) into the 2110-2145 MHz band;
Alternative "Boo is moving the BAS channel(s) to the 6875-7125 MHz band; and Alternative lie"
is moving the BAS channel(s) to the 12700-13250 MHz band.

As the above table reflects, there is a slight increase

in BAS relocation costs associated with moving the first versus

the first and second BAS channels. These costs also increase

somewhat as the BAS channels are moved further up in frequencies.

In addition to the BAS relocation costs, there are significant

costs associated with clearing out fixed microwave stations from

the 2110-2145 MHz band as is necessary for Alternative "A".

34 These relocation costs do not take into account the cost of
moving incumbent fixed microwave stations to higher bands in order
to accommodate the relocation of the first two BAS channels to the
top end of the BAS band. Such microwave relocation costs could be
substantial -- i.e., on the order of $250,000 per station.
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C. MSS Licensees Should Not Bear
the Entire Burden of Moving
Incumbent Users From the 2 GHz Bands

In considering which alternative to adopt for the

movement of BAS stations out of the MSS uplink band, the

Commission should apply its emerging technology relocation

policies in a fair and equitable manner. In particular, if non-

MSS licensees would benefit from the relocation of BAS channels or

paired microwave stations, then they too should bear their fair

share of the costs of relocating incumbents users. In this way,

the MSS industry will not have to bear all of the burden of moving

existing users of the spectrum and should be more willing to

support relocation plans which make both economic sense and which

are sound from a spectrum management standpoint.

Motorola also generally agrees with the application of

the clearing procedures employed in the emerging technologies

docket to this proceeding. However, the Commission may need to

develop mechanisms for sharing relocation costs between MSS

providers if the movement of an incumbent benefits more than one

MSS licensee. For example, if the lowest BAS channel is moved,

thus clearing 18 MHz of spectrum, and more than one MSS licensee

is assigned to this band, then all of these licensees should share

in the cost of such a move. Similarly, the pairing of the

terrestrial microwave links in the 2110-2150 MHz and 2160-2200 MHz

bands may result in different MSS licensees benefiting from the

relocation of fixed microwave stations. Therefore, the Commission

must develop cost sharing mechanisms among MSS licensees as well.
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v. THE COMMISSION DOES NOT NEED TO CONSIDER
MSS FEEDER LINK ISSUES IN THIS PROCEEDING

The Commission asks whether there is a need to allocate

spectrum for feeder links to support 2 GHz MSS systems. See HERM

at , 16. While additional feeder links spectrum will be needed to

accommodate additional MSS systems as they are developed and come

into service, such additional allocations are already being

considered in other domestic and international proceedings.

For example, the Commission is addressing the

availability of MSS feeder links in the LMDS/FSS 28 GHz band

proceeding, 35 and in its preparation for the upcoming WRC-95. 36

The WRC-95 agenda provides the united States with the opportunity

to consider fully allocations and regulatory aspects of feeder

links for MSS in the 1 to 3 GHz bands. See WRC-95 Agenda Item

2.1(c). Indeed, the CPM Report contains an extensive discussion

under this agenda item, including estimated feeder link

requirements for non-GSa MSS first-generation systems of 200 to

400 MHz in each direction in each of the 4-8 GHz and 8-16 GHz

35 See Rulemaking to Amend Part 1 and Part 21 of the Commission's
Rules to Redesignate the 27.5-29.5 GHz Freguency Band and to
Establish Rules and Policies for Local Multipoint Distribution
Service, Second Notice of Proposed Rulemaking, 9 FCC Rcd. 1394
(1994).

36 ~ In the Matter of Preparation for International
Telecommunication Union World Radiocommunication Conferences, 9
FCC Rcd. 2430 (1994) ("Notice of Inguiry"); Second Notice of
Inguiry, IC Docket No. 94-31, FCC 95-36 (reI. Jan. 31, 1995).
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ranges, as well as 200 to 500 MHz in each direction in the 16-30

GHz range. 37

Accordingly, the Commission should await the outcome of

WRC-95 before considering additional MSS feeder link allocations.

VI. IT IS PREMATURE TO CONSIDER METHODS FOR
ASSIGNING NEW MSS SPECTRUM AT 2 GHz TO
SYSTEM OPERATORS

A. Auctions Are Inappropriate for Global
Satellite Systems

As Motorola has consistently maintained in other

proceedings, auctions are inappropriate for global satellite

systems. Competitive bidding would in all likelihood lead to

other countries following the lead of the United States and

auctioning their MSS spectrum. Global u.s. MSS systems would

therefore have to pay many other countries in addition to the

United States for the right to use this spectrum.

Such an unfortunate precedent would also create the

opportunity for payment schemes in other countries that could be

used to discriminate against U.S. systems. Discrimination against

U.S. systems in foreign jurisdictions is likely because systems

licensed in the united States will be competing against systems

licensed by other countries, including systems offered by foreign

governments themselves. Indeed, then Chairman Quello identified

37 See CPM Report, ch. 2., sec. I., pt. C, para. 1.2.
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the potential for discrimination in a letter to several

Congressmen, wherein he urged that Congress should:

••• be mindful of the potential ramifications
[of spectrum auctions] on the international
telecommunications service providers who
utilize spectrum in other countries as well as
in the United States. For example, requiring
use of competitive bidding for low earth
orbiting satellite system licenses in this
country might subject those licensees to
exorbitant payment requirements for access to
spectrum in other countries. I am
particularly concerned that some foreign
governments opposed to the use of our
international accounting and auditing
standards could use our competitive bidding
requirement as a justification for retaliatory
measures. 38

In addition, if competitive bidding were used, it would

be virtually impossible to determine the value of a U.S. license

at the time an auction was conducted due to the global nature of

the services and the extensive international coordination that

must take place on a bilateral basis. Big LEO systems, unlike

terrestrial Personal Communications Service ("PCS") systems, will

require licenses in most foreign countries and will be subject to

many coordination agreements before service can be provided

internationally. Moreover, given the large costs that new MSS

systems must incur up front to construct and launch, requiring

them to pay for spectrum both in the United States and abroad may

impose a financial burden that some global MSS systems may not be

able to bear. Unless and until the reciprocal bilateral

arrangements that the Commission identified in the Big LEO MSS

Licensing Order are negotiated on a country-by-country basis, such

38 Letter from Chairman James H. Quello (June 23, 1993).
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a combination of events would clearly place u.s. systems at a

serious competitive disadvantage vis-a-vis foreign systems as well

as jeopardize the technological leadership of the united States in

important satellite and mobile communications. u.s. systems will

also be competitively disadvantaged in the global MSS marketplace

if Inmarsat-P or other foreign MSS systems are allowed to enter

the u.s. market without having to pay for spectrum while u.s.

licensed systems would be subject to auctions.

B. The Commission Is Required to Consider Other
Licensing Alternatives Before Using Auctions

Title VI of the 1993 Omnibus Budget Reconciliation Act

empowers the Commission to use competitive bidding only when

mutually exclusive applications are accepted for filing for any

initial license or construction permit. See 47 U.S.C.

§ 309(j)(1)(Supp. V 1993). The Act emphasizes that the Commission

shall not be relieved of its "obligation in the public interest to

continue to use engineering solutions, negotiation, threshold

qualifications, service regulations, and other means in order to

avoid mutual exclusivity in application and licensing

proceedings •••. " 47 U.S.C. § 309(j)(6)(E). As the Chairman of

the Commerce Committee of the House of Representatives stated in

his letter to then Commission Chairman Quello,

As a general proposition, by granting to
the Commission the authority to assign
licenses by auction, it was never the intent
of Congress for auctions to replace the
Commission's responsibilities to make
decisions that are in the public interest.
Rather, the competitive bidding authority was
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always intended to address those situations
where the Commission could not either narrow
the field of applicants or select between
applicants based upon substantive policy
considerations.

* * * *
To underscore that auctions are not a

substitute for reasoned decision-making, the
new statute specifies (at Section
309(j)(6)(E» that the Commission is not to
abandon its traditional methods of avoiding
mutual exclusivity. 39

The Commission has recently demonstrated its ability to

assign limited amounts of spectrum without using auctions in the

Big LEO proceedings. Here, as there, the Commission should use

engineering solutions, negotiation, threshold qualifications,

service regulations, and other means in order to avoid mutual

exclusivity, thereby also avoiding the need to resort to auctions

in this proceeding.

VII. CONCLUSION

The Commission should be applauded for its proposals to

allocate an additional 70 MHz of global MSS spectrum in the united

States and to attempt to convince the rest of the world to adopt

similar allocations at WRC-95. There is an ever growing demand

for global MSS spectrum, and the 2 GHz band represents the best

near-term opportunity to make such spectrum available. While

39 Letter from John D. Dingell, Chairman, House Committee on Energy
and Commerce, to James H. Quello (Nov. 15, 1993).
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there still remains several important questions which must be

addressed in this proceeding, the Commission appears to be well on

its way toward allocating much needed MSS spectrum both

domestically and internationally. Accordingly, Motorola urges the

Commission to adopt its proposed MSS allocations in the 2 GHz

band.
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Michael D. Kennedy
Vice President and Director,

Regulatory Relations
Stuart E. Overby
Assistant Director,

Spectrum Planning
Barry Lambergman
Manager, Satellite

Regulatory Affairs
Motorola, Inc.
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Total Capacity In a Shared
CDMA LEOS Environment

Branimir R. Vojcic. Member. IEEE, Laurence B. Milstein. Fellow. IEEE.
and Raymond L. Pickholtz. Fellow. IEEE

Abstract- We are interested in determining the feasibility
of having multiple service providers share the same spectrum
in transponder-type. sateUite-based, code-division multiple-access
mobile communications. To accomplish this, we compare the total
capacity when 11 systems are operational to that when only a
single system uses the frequency band. This comparison is made
for both the uplink and the downlink under one of two possible
constraints, either a maximum power flux density (PFD) limit
per system, or an aggregate PFD limitation. While there are
circumstances when the total capacity of multiple systems can
achieve a greater value than that of a single service provider.
conditions depend on the degree of shadowing, and whether or
not the PFD limit is on a per system basis or on an aggregate
basis from all systems.

I. INTRODUCTION

I T has been suggested that multiple satellite-based CDMA
systems for mobile communications can co-exist in the

same frequency band. In this paper. we quantify the total
capacity achievable by having n separate service providers all
share the same frequency band. and compare that capacity to
what is achievable if only a single satel1ite system operates
in the band. This comparison is done under one of two
possible constraints. either a maximum received power flux
density limit per system. or a power flux density limit on
the aggregate received energy from all systems. Since the
object here is comparison. no voice activity or other capacity
enhancing mechanisms which can be applied in either case
are considered.

In analyzing this problem. we rely heavily on the results
of [I] and [2]. From [1]. we make use of expressions for
the ratio of signal-to-noise-plus-interference as a performance
measure. with the implication that the use of such ratios
is meaningful because they translate reasonably accurately
to an estimate of average probability of error for a large
number of simultaneously active CDMA waveforms. (This is
typically not the case on the downlink because of correlated
shadowing/fading among the transmitted signals.) We also
use the model of [2). which assumes that when a mobile
is shadowed. and thus experiences increased Rayleigh fading
(see [3 D. it is desirable to guarantee acceptable performance

Manuscript received January 15. 1994: revised July 20. 1994.
B. R. Vojcic and R. L. Pickholtz are wIth the Department of Electncal

Engineering and Computer Science. The George WashinglOn University.
Washington. DC 20052 USA.

L. B. Milstein is with the Department of Electncal and Computer Engi­
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of that user by boosting its transmitted power by some amount
greater than what is needed just to compensate for the shadow
loss. More specifically. because of the relatively large round
trip time delay that signals experience on low earth orbiting
satellite (LEOS) links. closed loop power control is not very
effective, and hence the rapid changes in signal power due
to the Rayleigh fading caused by shadowing [3] cannot be
tracked out. Therefore. some degree of power margin. P. must
be provided in order to ensure that shadowed users do not
experience an unacceptably large percentage of outages. This
power margin can be applied so that shadowed users achieve
the same average probability of error as the unshadowed users.
or. with a smaller margin. that shadowed users realize some
degraded. but still acceptable. performance [2J.

International agreements on the operation of satellite com­
munication downlinks have been made to protect terrestrial.
fixed. line-of-sight microwave systems which share the same
frequency band [4]. (5) as the satellite system in question.
These radio regulations specify a so-called "coordination trig- ­
ger level" on the downlink power flux density (in dBW/m~/4

kHz) from each satellite. That is. when the PFD reaches
a certain limit. the regulations require coordination between
the satellite and terrestrial systems. Because the coordination
between fixed terrestrial services and LEOS systems is not
possible due to the mobile nature of the latter. these trigger
levels limit the amount of power flux density that a satellite
transmitter may illuminate the earth in an unobstructed area.
As such. they essentially impose a power limited operation
onto LEOS systems. with corresponding consequences on their
system capacities. The regulations. originally adopted by CCIR
(now called ITU-R) over two decades ago for protection of ter­
restrial microwave systems against geosynchronous earth orbit
satellites (GEOS), have been recently modified at WARC'92
[4J. Specifically. for the frequency band 2483.5-2500 MHz.
which is allocated for downlinks of mobile satellite services
and regulated by ITU regulation RR2566. WARC'92 set in
Footnote 753F a coordination trigger of -142 dBW/m2/4 kHz
(previously -144 dBW/m~/4 kHz). and a lower PFD level for
low elevation angles. However. the operational scenario of
multiple LEOS systems that share the same frequency band
is different from that of GEOS. in that several LEO satellites
can be in the main beam of the antenna of a fixed terrestrial
microwave link. lII..:.that case, the specified PFD limit on a per
satellite basis may not be adequate proteCtion for terrestrial
links. Indeed, if the interference protection is the objective

0733-8716/95$04.00 © 1995 IEEE
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II. ANALYSIS OF UPLINK

It is desired to analyze the effect of multiple CDMA satellite
systems operating under the constraint of either a PFD limit
per system. or an aggregate limit on the total allowed PFD due
to all systems combined. Toward that end, consider first the
uplink, assume there are J spot beams per satellite. and assume
that each system operates with the same number of users per
spot beam. If we denote the signal-to-noise-plus-imerference
ratio of a given user in one satellite system, operating in the
presence of n - 1 other systems. by SNRn , and if no mobile
from any of the n systems is experiencing shadowing, then,
under the conditions of coordinated perfect power control in
all systems. we have from [I]

of PFD limits, it would appear that a PFD limit from the
aggregate of all satellites in view ought to be the operational
criterion.

There are no equivalent fonnal radio regulations for the
uplink, i.e., limits on the total irradiance from, say, one square
kilometer on the ground, designed to protect the satellite
receiver, although several such proposals [6] have been made
recently. Similar questions about per system versus aggregate
uplink PFD limits need to be addressed.

We assume throughout this work that the constraint on
power flux density can be mapped into an equivalent constraint
on average power, and we denote this latter constraint by
Pmax. Further, since, when only a single satellite system is
operational, the number of users per spot beam per satellite,
denoted by K 1, is directly proportional to that power constraint
(ignoring other constraints such as one on peak transmit
power), we present our results in tenns of K 1 .

We consider two scenarios, first, where only a single satellite
from each one of n satellite systems (i.e., n service providers)
illuminates a given mobile on the ground (which; of course,
"belongs" to only one of those n systems), and second, where
each of the n systems employUIfiF.saIe1lite diversity. In this
latter case, each mobile is simultaneously illuminated by two
satellites from each satellite system.

The paper is organized as follows. Section II presents the
analysis of the uplink, while Sections III and IV are concerned
with the downlink, all for the case of no diversity. The
downlink results are then extended in Section V to incorporate
the effects of dual satellite diversity. Section VI presents
numerical results. and conclusions are given in Section VII.

(4)

(3)

where Pmax is the power constraint, Pn is the average power
per user when n systems are simultaneously operational. and
A 1 is a factor which takes into account the excess power of
a shadowed user as compared to an unshadowed user (see
Fig. I). It is defined as

where

c is the ratio of the nonshadowed specular power to the
power in the shadowed signal (i.e., the shadowing loss),
and X. and Xns are the signal-to-noise ratios (SNR's) in
the scattered and nonscattered cases, respectively, which are
required to yield the desired perfonnance. The parameter P is
a power amplification that is applied to shadowed users (and
which are thus in a faded state), in order to ensure that their
perfonnance is the same as that of an unshadowed user [2],
[7]. Stated differently, BPIc corresponds to a shadowed user's
contribution to the multiple-access interference (see [2] for a
more detailed explanation of the model).

Note that for a single system, there is only one PFD limit.
and we have a constraint of the fonn

1
SNR1 = N . (2)

~ + fuh.(l - B + IIp)2E. 2L e

Fig. I. Single system uplink shadowing scenario.

A. Single System with Shadowing

Assume now that the receive power levels of shadowed
and nonshadowed users are unequal, even in the presence of
perfect power control (see [2]). In other words, assume that a
shadowed user is given a power advantage to compensate for
the increased fading due to the shadowing ([2]. [3]). Then, if
B is the probability of a given user being shadowed (assumed
the same for all users of all systems), it is shown in [2] that,
for a single satellite system

(I)SNRn = -:-:---....,..,..~
~ + .!idI..'
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and simply says that with 100 x B percent of users shadowed,
the average received power, relative to a unit power for a
nonshadowed signal, is (1 - B) (1) + BeP, where the second
tenn corresponds to a shadowed signal experiencing both an
attenuation of c and a power boost of P.

For future use, we define K 1•oo to be the maximum capacity
of a single system, corresponding to ~ -+ 00. From (2), we

where ~ is the energy-per-bit-to-noise spectral density ratio
of a single user, K n is the number of users per spot beam per
system, L is the processing gain, and 10 is the ratio of the total
multiple-access interference that a user in a given spot beam
experiences due to all spot beams in its own satellite system
to the interference the user experiences only from its own spot
beam ([ I]). In essence, (I) says that every signal, from everv
satellite system. arrives at the satellite of the user-of-intere~t
at the same power level.

.:i B
Al = 1- B +-P

c
(5)
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see that 'OTHER' 'OWN'

B. Multiple Systems with Shadowing

Now consider n satellite systems sharing the same total
bandwidth, each with processing gain £. Analogous to (2). it
is straightforward to show that SNRn is given by

1
SNRn == TV 11: I (7)

~ +~A +£(12)2E1 2L I

where 1 is defined to be the interference seen by the user­
of-interest due to mobiles belonging to all of the other n - 1
satellite systems. To compute £[12], note that there are four
distinct situations which can arise (depicted in Fig. 2); the
interfering user on the ground can be shadowed both to its own
satellite as well as to the satellite-of-interest, the interfering
user can be shadowed to neither satellite, or it can be shadowed
to one. but not to both of the satellites. Realizing that a user
shadowed to its own satellite has its power augmented by the
factor P defined by (3), that a user shadowed to the satellite-of­
interest has its power attenuated by the factor c (note that these
are not mutually exclusive events). and that the probability of
the interfering user being shadowed to one satellite is taken
to be independent of the probability of it being shadowed to
any other satellite, we have for the second moment of I (see
also [8])

£[12] = (n - 1)K1o
2£

[
P' 1 ]

X -;;B2 + PB(l- B) + -;;(1- B)B + (1- B)2

= (n - l)Kn l o A A (8)
2£ 2 3

where

(14)

(13)

Prj.)-(l-8)B

Pie

SNRI == SNRn

Pr()-(l·B)"2 Prj.)-(HI)B

A ~ A2 A
3. (15)

Al

It should be noted that A > 1 when B > 0; it should also be
noted that the net effect of fading caused by the shadowing is a
degradation in performance. since the increase in MAl because
of other users compensating for shadowing. in their systems
outweights the power increase in the system-of-interest due to
its own shadowing. With no shadowing. B =0 and A =1.

that is, upon demanding that the performance of a given user
in a single service provider system be the same as when n
service providers coexist. we have from (2), (7). and (12)

nKn 1

K 1 = A{1. +~[1- 1.(2 _1..)]}
n ](1.00 n A

Fig. 2. Multiple systems uplink shadowing scenario.

Therefore, upon setting

(6)
2£

KI,oc == 1oAI (SNRd

where

where we define the PFD as that imposed on anyone system
by any of the remaining n - 1 systems. If we assume that in
both (4) and (II) the equality sign holds, we see that

K I Al
Pn = K

n
A

2
A

3
Pl' (12)

Note that A 2 2: 1 and A 3 :s 1; note further that A 2

corresponds to a user shadowed to its own satellite but not
to the victim satenite. whereas A3 corresponds to a user with
a clear path to its own satellite but with a shadowed path to
the victim satellite.

For the n satellite-system case. we have to consider sepa­
rately the PFD limit per system and the aggregate PFD limit.
In the former case, we have

(16)
I K1- (2 - -)-4ll-
A ](1.00

C. Comparison of Single and Multiple Systems

It is of interest to know when the right-hand side of (14)
exceeds unity. That is, it is of interest to know when the total
capacity of n service providers exceeds that of a single service
provider. For the denominator of (14) to be less than unity.
we have l

assuming that *> 11:11:1
• Note that if there was no shadowing

1.00

in any system (and thus no fade compensation). A = 1. (16)
reduces to n > 1. and the total capacity of n systems always
exceeds that of a single system. When shadowing is present,
the result depends upon the specific value of A, which is a
function of B, P. and c. Numerical results will be presented
in Section IV.

1The nonnalized capacity. 1\\ /1\ \,00. for a single sysrem is monotonically
related to the PFD limit by (II) and (12). The explicit relationship is derived
in the Appendix for the downlink, together with a numeric:al example that is
used in Section VI.

(9)

(II)

(10)
~ B

A3 =1- B +-.
c

.:>
A2 = 1 - B + PB

and
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Fig. 3. Single system downlink shadowing and PFD measurement scenario.

For multiple CDMA systems under a PFD limit per system.
we have

(23)

(22)

1
SNRn = II,' 1\ I 1\ I .'IT;; + T·42 + (11 - I)TA2A3

Thus, from (20). (22). and (23). we see that

as the power constraint equation. and

PFD
Measurements

Pr(.)_S

Consider now the situation in which there is an aggregate
PFD limit. For this case, we have

nKn 11

K 1 = 1 + (n - 1) i'l A3
1.00

(24)

(17) where now K 1,oc is obtained from (21) as

(21) 2 In contrast to (17), the ground PFD limit is "always measured at a
nonshadowed point.

(28)

(29)

(27)

(26)

(25)

1= ----;fl.;-:-.---:-::-"71 .
1- C(l- A3 )_nn-

2L
K 1,oc = IoA2(SNRd

and

and

From (27). clearly K 1 = nKn when A3 = 1; when A3 < 1,
nKn > K 1 for any n > 1. and so for the downlink. n systems
always yield a greater capacity than does a single system.

As a final perspective. consider a situation whereby we
remove the PFD limit on the ground and determine how much
additional power must be transmitted per user in a single
service provider system to yield a capacity greater than that of
an n server provider system. That is. let the energy-per-bit of
a user when there are n CDMA satellite systems be E. and let
the energy-per-bit in a single system be mE. for some m. Then

Note that. analogous to the uplink, if no user in any system
experiences any shadowing. then A3 = 1. and for any n > 1.
we have nKn > K 1• On the other hand. we see from either
(24) for the downlink or (14) for the uplink. that. in the absence
of shadowing. as n - 00. nKn -" Kl.oo ' In other words, on a
purely Gaussian channel (i.e., no shadowing), the total capacity
of n systems cannot exceed the maximum capacity of a single
system. This last conclusion does not hold when shadowing is
present, as can bee seen. for example. from (24). If A3 < 1.
(i.e.. if B > 0). then as n ---. x. nKn - K 1,oo/A3 • which
exceeds K 1 ,oo.

For n CDMA systems operating with an aggregate PFD
limit, we have2

(20)

(19)

(18)

and the SNR at a mobile on the ground is given by

1
SNR1 =.&.. !iili. "

2E I + 2£ A2

nKn n
T = 1 + (n -1)A

Note that from (19). n:"n = 1 if A = 1 (i.e.. no shadowing).
However. for A > 1. the right-hand side of (19) exceeding
unity implies n < 1. so that. for an aggregate PFD limit on
the uplink. a single service provider yields the highest net
capacity.

III. DOWNLINK ANALYSIS

The analysis for the downlink is basically similar to that
presented in Section II for the uplink. However, one important
difference is that the PFD requirement has to be satisfied on
the ground at an unshadowed location, as depicted in Fig. 3.
This implies that the PFD limit on the downlink will be more
constraining than its counterpart on the uplink. Further, the
fading/shadowing experienced by signals emanating from a
given satellite are invariably correlated. because they trans­
verse a very similar path (although the analysis presented
below, based on SNR considerations. is not affected by such
correlation).

If we consider first a single system of satellites with
nonorthogonal downlink CDMA signals, then the PFD require­
ment can be expressed as

and

Note that in this case, as opposed to (11), we define the PFD
constraint to include all multiple-access interference. including
that due to the system of interest. The first term in the brackets
provides the excess fractional MAl power of the target system
due to shadowing, while the second term gives the fractional
excess power due to the remaining n - 1 systems because of
the four conditions of shadowing described above. Following
the same reasoning as above. we have

P
n

= P1K 1

K n [l + (n - I)A]



236 IEEE JOURNAL ON SELECTED AR£AS iN COMMUNICATIONS. VOL. 13. NO.2. FEBRUARY 1995

1
SNRn = -& ~. (33)

2E
n

+(n-l) 2L A 2 .43

From (22) and (32)-(33). one can obtain. for a PFD limit per
system

nKn n
"K; = 1 + (n _ I)ItI,,(S:-<~).-I2.-1\· (34)

It can be seen from (34) than uK" > K I for any n > 1.
whenever KIlL < 2/[Io(SNR)A 2 .43 ]. Otherwise. if KIlL>

A. Full-OrtllO[?onality Case

In the most optimistic case. the processing gain is suffi­
ciently large. so that every signal from every spot beam of the
satellite is orthogonal to all another signals. This implies that
J K I :s L. Then

(35)

(36a)

(36b)

1

1
SNR1 = ~--=--:---

~ + Kil' A2

where 0 < h < 10 . When K 1 = L. then

1
SNR1 = J::i.rL. (10-1)

2E, + -2- A2

More specifically, when J K 1 > Land K 1 < L. then (36a)
applies with 0 < II < 10 - 1, and when K 1 > L, then
(36a) again applies. but now 10 - 1 < h < 10. Note that, for
future reference. if we define !I.= to be the value of h when
fu" ...... oc. then we have
, 0

2L
K100 = (37), hoo A2SNRl

From (37). we see that Kl,oo depends upon the-system design
parameters L and SNR. and on the amount of shadowing in the
systems. which is reflected by A 2 • Also, hoc is implicitly a
function of K 1•00 • For example. if we assume that K 1,= > L.
then h.oo = In - K ~"" and (37) reduces to

Kl,oo = ~ (1 + A2S~Rl)' (38)

To ensure that K 1.00 > L. from (38). A2 must satisfy

2
A2 < SNR

1
(Io - I). (39)

B. Arbitrary Degree of Orthogonality

The assumption that all signals from a given satellite
are orthogonal is typically unrealistic. since it would imply
too large a processing gain. Therefore. we consider in this
subsection more limited cases of orthogonality. Note that the
comparison of the performance of 11 service providers with
that of a single service provider has multiple facets to it. For
example, suppose a single service provider system is such that
K 1 = L. so that orthogonality exists only within a given spot
beam. For an n service provider scenario. we assume that each
satellite of each system has the same processing gain as does
a satellite when only a single service provider exists, but K n •

the number of users per spot beam when n systems coexist, is
less than the analogous quantity for a single system. namely
K 1 • Therefore. if J(1 = L. then K" < L. and additional
orthogonality can be used to advantage when n > 1.

To gain a perspective on the effect of orthogonality, consider
the following possibilities for a single system. If J K 1 > L..
we have

1 + (1 - .l)fu Io(S~R)Az.4J .
n L 2

It is easy to see from (35) that for any n > 1. nKn < K 1.

for all possible values of other system parameters. That is.
with an aggregate PFD limit. a single system provider al­
ways outperforms multiple systems with respect to achievable
capacity.

2/[Io(SNR)A2A3]. a single system achieves the maximum
capacity. When an aggregate PFD limit is imposed. it follows
from (26) and (32)-(33) that

(32)

(31)

(30)
K n[1 - m(1 - ~)]n n hIE

"K; = t 1 [1 + (n - I)A3 ]
1.00

K [1 ( 1 ]1 - Jt:;; n + 1 - n) A3
m > -~~:..::.;,:...--;-:-_-:.:..:._.:.

1--&
Kl.oc.

SNR
_ 2£1

1 - No'

Since. in the multiple service providers case. the orthogonality
cannot be maintained with signals from other satellites. be­
cause of varying propagation delays. the· composite downlink
SNR is given by

Note that for A3 = 1 (no shadowing). any m > 1 results
in K 1 > nKn' This emphasizes that for no shadowing on
the downlink. the increase in total capacity is achieved in
multiple systems only because a PFD limit prevents a single
system from achieving capacity. Note that m may also be
interpreted as an economic factor by which we can compare a
single system versus multiple systems with the same capacity.
That is. one can use m to tradeoff the costs of increasing the
transmit power in a single system versus deploying multiple
systems with a lower transmit power. For A 3 < 1. the results
depend on specific parameters chosen. just as in the- cases
where a PFD limit was imposed. and numerical results are
presented in Section VI. As will be seen. the existence of
shadowing actually helps (somewhat) in multiple systems.

IV. DOWNLINK WITIf ORTHOGONAL SEQUENCES

The downlink results obtained to this point are pessimistic.
in that they do not take advantage of the orthogonality be­
tween spreading sequences Whld1 is typically employed on
the forward links. That is. by employing orthogonal spreading.
the amount of multiple-access interference can be reduced.
depending upon the degree of the orthogonality that is achiev­
able for the given bandwidth. That would enable the use of a
smaller transmit power per user and. for a given PFD limit.
would contribute to an increase of the system capacity.

For K 1 to exceed nKn • we need

Solving for the ratio n;,". we obtain
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However, recall from (9) that A2 ~ 1, and thus (39) is very
unlikely to be satisfied. Equivalently, we must have

In (41), the left-hand inequality follows from (37) by noting
that 10 - 1 S; 11 < h.oc.

We now consider n simultaneously operational systems, and
reiterate that, because K n < K 1, then In < h. The composite
downlink SNR is given by

SAT·2

+

~.,
Pr(.)-B(l·S)

--. -'-.

SAT·l

+

. P'O_SA2

Fig. 4, Single system downlink scenario for dual-diversity.

If the PFD is on a per system basis, then it can be shown that
n systems always outperform a single system if

(41)

(40)1 [2 ]B<-- -1
P - 1 SNRdio - 1)

which indicates that the percent shadowing and the acceptable
SNR are both small. On the other hand, if (39) is not satisfied,
K 1.= < L and can be bounded by

2L
-:-::---..,...-:--=-~< K Lee < L.
(10 - I)A2SNR1

and a single service provider always yields a greater capacity
as long as

From (43), it can be shown that nKn > K 1 for any n > 1 if
either KIf K1.oc < h,ee/IoA3 or

(50)

(49)

2
SNR - --~-:-::-:----:-7­

1 - .li.o... + h't\2Io-lh
2E[ 2L

The parameters pI and p" in (51) arise in the following
manner: We assume that if a mobile is shadowed to both
satellites from which it is receiving. each of those satellites
increases its transmit power to that mobile by a factor of
P". If the mobile is shadowed to only one satellite, each

where. as can be seen from Fig. 4

'Y = (1 - B)2 + 2B(1 - B)P' + B 2 P". (51)

V. PERFORMANCE IN THE PRESENCE

OF DUAL SATELLITE DIVERSITY

In this section, we extend the previous results by incorpo­
rating dual satellite diversity in the model. That is, we assume
that each mobile is always in sight of two satellites from each
system. For brevity, we concentrate only on the down-link, and
we assume that the difference in arrival times of the signals
from the two satellites transmitting to any given mobile is
greater than the duration of one chip of the spreading sequence,
so that a RAKE receiver can be employed by the mobile.

Consider first a single service provider. The corresponding
communication scenario is shown in Fig. 4. It should be noted
that the orthogonality cannot be maintained between the signal
waveforms belonging to different satellites of the same system
due to different and variable propagation delays to any given
mobile.

By extending the results of the previous section, it is
straightforward to show that if the spreading sequences are
such that all sequences within a given spot beam are orthogo­
nal, then the output of a maximal-ratio combiner at the mobile
receiver has a SNR given by

K
2L

1 < -=--...,.-=c:-::--
I oA 2 A3SNR1

otherwise, a single system achieves maximum capacity.
For an aggregate PFD limit, if A 3 > 1- 1~' then maximum

capacity is achieved for n = 1. If the inequality is reversed,
then n > 1 is optimal.

(48)

(46)

(45)

(44)

(42)

(47a)

(47b)

1
SNRn = J':!.JJ.- + K n (Io-l) A '(.n - 1).&...fuA A .

2E" 2L 2 T 2L 2 3

IoA 3 - I" I]
n < and A3 > 1

0
'

IoA 3 - h

Suppose now, for both the single system and multiple
systems, orthogonality is only maintained within each spot
beam of each satellite. whereas the spreading waveforms
belonging to different spot beams are not mutually orthogonal.
Equation (36b) gives the SNR for n = 1, and SNRn is given
by

or

Note that (46) is satisfied for values of n defined by

IoA 3 - In 11
n and A3 < 1

0IoA 3 - II

When we have an aggregate PFD limit, then

nKn 1

K 1 = 1 + IJ.xhi.,~ {~[(n - I )IoA3 + In] - II}

1
SNRn = J':!.JJ.- .!S..J,.b,. .&...fu'

2E
n

+ 2L A 2 +(n-l) 2L A 2 A 3

If we have a PFD limit per system, then, using the same
conditions for the downlink as in the previous section, we have
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Fig. 5. Multiple systems downlink scenario for dual-diversily.
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VI. NUMERICAL RESULTS

It was shown in Section II (see (19» that. in the presence
of shadowing. a single system always outperforms n systems
when an aggregate PFD limit constrains the uplink. This is
a consequence of the "near-far"~ effect introduced by the
power control mechanism to combat -;hadowing. The reason
for the difference between this "near-far" effect for a single
and multiple systems can be seen qualitatively in Figs. I
and 2. When the signal of a shadowed user is amplified
to neutralize the effects of shadowing and fading, it may
propagate unobstructed toward satellites belonging to other
systems. and thus cause excessive multiple-access interference.
At any given satellite, this interference is proportional to the
PFD as seen by that satellite. Since the aggregate PFD is
limited. this effect results in the loss of capacity. Similarly,
it can be shown that in the absence of any PFD limitation, a
single system always achieves a larger capacity than multiple
systems.

When the PFD limit is imposed on a per system basis, the
ratio "[." (denoted "Capacity improvement") is plotted for

Fig. 6. Uplink capacity improvement due 10 spectrum sharing; PFD con·
straint on a per system basis.

For an aggregate PFD limitation. the constraint can be ex­
pressed as

Combining (50) and (52) with (57) now yields

nKn 1

K1 = 1 + KI1"~i:"R) (n;;l )[IoA3- 2/oZ-1]

and the total capacity of n systems will exceed .that of a single
system when

(56)

(55)

(53)

(54)

OWN., OTHER·,

+~.. 4-.

WN

'..

2

.;~.."".~.
Nan • . _'~r().B_.' • \ 1/e.....

nKn Tl

K 1 = 1 + (n -1)K!~;.4.\SNR·

We are interested in the condition under which nKn

From (55), that condition is given by

K 2_1 < _
L Io,A3(SNR)

K 1 E 1 = KnEn

Using (50), (52), and (53), we have. upon setting

SNR1 = SNRn = SNR

SNRn = ..& + K~(2Io-l).." + Kn]u""'\' 2( _ 1) (52)
ZEn 2L ZL n

Analogous to , in (51), the product ,A3 in the third term
of the denominator of (52) represents the average power
enhancement due to different shadowing combinations of
mobiles within any of the n - 1 interfering systems and the
mobile in the system-of-interest. That is. consider any satellite
in one of the n - 1 interfering systems. Its average power
boost to its own mobiles is given by,: however, the mobile
in the system-of-interest mayor may not be shadowed to that
interfering satellite, and thus "'1 must be multiplied by .43 .

To compare the capacity of a single service provider with
the total capacity of n service providers, it is necessary to
include the PFD constraint. If we consider first a PFD limit
imposed on a per satellite basis, we must satisfy the following
condition

satellite boosts its power by a factor of pi, and there is no
power boost if the mobile has a clear line-of-sight path to
both satellites. As an example, suppose that when a mobile
is shadowed to a satellite, its power is attenuated by a factor
c > 1. Then one possible set of values (Pl. Pll) is pi = 1 and
pll = c, which corresponds to only boosting power when
both satellites are shadowed. Another alternative would be
to choose (Pi, Pll) so as to provide the same bit-error-rate
(BER) performance in all possible shadowing scenarios. To
achieve that. we must have pi > 1 and pll > c. In any
event. for a given pair (Pl. Pll), the parameter "y in (51) is the
average power enhancement (or, equivalently, the multiple­
access interference amplification factor), where the average is
over the shadowing state of both satellites.

Suppose now that there are n systems simultaneously op­
erational. The communication scenario for two systems, for
simplicity, is shown in Fig. 5. It can be shown that the output
SNR for n systems is given by

2
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Fig. 7. Downlink capacily improvemem due 10 speclrUm sharing; PFD
constraim on a per syslem basis.

Fig. 9. Minimum required number of service providers 10 achieve capacity
improvemenl for the uplink: PFD constraint on a persystem basis.

Fig. 8. Downlink capacity improvement due to spectrum sharing; aggregate
PFD constraint.
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the uplink versus h!\! (denoted "K1 normalized") in Fig. 6.
I.x

Although the effect of shadowing is the same as in the case of
an aggregate PFD limit. it can be seen that with a PFD limit
on a per system basis. there are situations when a capacity
improvement through sharing is possible. In particular. a
capacity improvement is possible when the capacity of a single
system is relatively small to begin with. and when the number
of service providers exceeds some number. It should be noted
that this improvement is only possible because of constraining
artificially a single system (by imposing on it a PFD limit)
from achieving its full capacity. Fig. 7 shows similar results
for the downlink; in this figure. the downlink sequences do
not make use of orthogonality. When an aggregate PFD limit
is imposed on the downlink under the same conditions as used
for Fig. 7. the curves shown in Fig. 8 result.

It is of interest at this point to note that results for the
downlink are fundamentally different from those of the uplink
in that capacity improvement is always achieved by sharing

on the downlink. although the "near-far" effect is present both
links. The difference stems from the reference points at which
the PFD's are measured. On the uplink. it is assumed that the
PFD is measured above tree levels and, hence, it is directly
proportional to the amount of multiple-access interference as
seen by each of the satellites. On the downlink, however.
the PFD is measured at a location which has a clear line-of­
sight with all satellites which cover the geographical area of
interest. and the capacity is primarily limited by the imposed
PFD constraint. A specific mobile may be shadowed with
respect to some of the other system providers' satellites.
and. consequently. receive less multiple-access interference
compared to what it would receive an unobstructed location.
That. in tum. enables the use of a smaller average transmit
power per user. which results in a reduction in PFD and.
hence. an increase in the capacity. This explains also why the
total maximum capacity of n systems exceeds the maximum
capacity of a single system (corresponding to Eb/No ...... oc).
which can be seen from Figs. 7 and 8. It should be noted
that the results in Fig. 7 do not account for the possibility of
saturating the satellite transponders by increasing the number
of systems and the aggregate PFD; this latter effect can result
in an equivalent SNR degradation of I dB or more [9].

An alternate way to look at these results is to see how
much increase in energy per user in a single system is needed
to yield a capacity greater than that of n systems. Specifically.
to determine by how much a single system. operating in the
absence of a PFD limit. must increase the energy-per-bit of
each user on the downlink over and above that used by a
single subscriber when n systems coexist, consider Fig. 9. In
this figure. for various values of n. the factor by which E1

must be multiplied. m. is plotted versus K~oo' It is seen that

m is very close to unity for KK 1 as large as 0.7. As pointed
l.~

out earlier. the factor m can be interpreted as an economic
factor which indicates the required increase in transmit power
per satellite for a single system to achieve the same capacity as
n systems. More importantly. if one is concerned with the total
interference as seen by a fixed terrestrial microwave station.

n=2./.

8=0.2

Plc=1.34

DOWfl-IInk,:r
I

1.6r

'0 1.4

.~

~ 12
o.s
~1
.~ i

Co Irst
>- 0.6

oJ
oJ



240 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS. VOL. 13. NO.2. FEBRUAR'r 1995

2r--....--...,---""T'""--.---....----,.---.--.---..--

1.8

1.6

1.4

i.. 1.2

~
Q

.S 1

~
[0.8

~
0.6

Optimal n

Up-link

a-o.2

P/e-1.34

5

Oown-Ilnk
4.5

a-o.2

4 P/e-1.34

3.5

3

E 2.5

2

1.5

l I

i1
/I
'/

!J
I
./

.',
II
'I

.~
//

n-4 .......:- /.'/
-r::;.'-

.~--_.-

0.4
n-J

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
K1 normaliZed

0,L-_"'--"'--"'--"'--"'--"-_......._~-"-----I
o

0.5

0.2 0.3 0.4 0.5 0.6 0.7 0.8 09
Kl normahzed

0.1

02r

o,LI_-'-_~_ __L__-'-_-'-_-'--_-'--_~_~_
o

Fig. 10. Comparison of the capacity improvement for n = 3 and optimal
number of service providers for Ihe PFD conslraint on a per system basis.

Fig. 12. PFD increase factor for a single system to achieve the same capacity
as 1/ systems.

Down-Ionk

B=O.2

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
K1 normalIZed

n» 1

x x x x x x x x x x x x x x x x x x

o~_'___'___"'-_"'-_"__"__"__"___..L_--l

a

0.4

0.2

1.6

1.8

2r--...,----.,--.....,..----..,--.,--...,--.....----,.---,----,

as04 045

) Mff1ttnumn

I
I
I

ji,
I

J

I

I
I

/

Up-link

a-o.2

P/e-l.34

Optlmaln

4~ - - /

2r
O'L- --'-_......._--'__"-_-'- --.... ---l

o 005 01 015 0.2 025 03 035
K1·normahZed

6

c 10

Fig. II. Comparison of the optimal and minimum number of service
providers to achieve a capacity improvement for the uplink: PFD constraint
on a per system basis.

Fig. 13. Downlink total capacity for different values of the number of service
providers: PFD constraint on a per system basis.

this factor m indicates the required increase in the PFD limit
per satellite to achieve the same capacity as n systems with
the original PFD limit. It can be concluded by considering the
results of Fig. 9 that a single satellite would produce much
less interference, for the same capacity as that of n systems.
for almost the entire range of K 1/K l.ee. As an example. if a
single system with a given PFD limit operates at 90% of its
maximum capacity. it needs.to increase that PFD by a factor
of 2 to achieve the same capacity as four systems. That is. the
same capacity is achieved while producing one-half the total
interference to terrestrial systems.

To gain a somewhat different perspective on these reSUlts.
consider Figs. 10-12. All three figures correspond to the
uplink. and the curves are always plotted against /of'l . In

1.00

Fig. 10, the minimum value of, which results in nKn > K j

is presented with B, the percent shadowing. as a parameter.
Three curves are shown. along with a vertical line associated
with each curve; for ,}'1 to the right of the vertical line.

"Ix

n = 1 is optimum. For example, if we consider the curves
corresponding to B = 0.2. we can revisit Fig. 6 to provide the
following interpretation. On Fig. 6. the region where n > 1
yields greater capacity than does n = 1 corresponds to
the upper Jefthand quadrant bounded by the lines "capacity
improvement" = 1 and "K1 normalized" = 0.38.

In Fig. 11, the capacity improvement is shown for two
situations. one corresponding to 11 = 3, and the other referred
to as the "optimal n". This latter value corresponds to that
n which maximizes the ratio nK g -Kl; that is, it maximizes

n

the capacity .ncrease per system when going from single to
multiple sen t.:e providers. Fig. 12 presents similar results
from a somewhat different perspective; both the optimal value
of n. as defined above. and the minimum value of n needed for
n systems to outperform a single system. are plotted versus
~K .I.oc

In Fig. 13. we compare the capacity improvement 'over a
single system for different values of n. where a per system
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TABLE I
CHARACTERJSnC VALUES OF SYSTEM PARAMETERS

B A, A3 K 1 ... 11 ... (KdK1.... )/i... (KdL),i...
0 1 1 1.1 1.12 0.552 D.608

0.014 1.21 0.99 1 1.02 0.551 0.551
0.122 2.83 0.89 0.5 0.87 0.484 0.242
0.276 5.14 0.75 0.33 0.72 0.474 0.158

PFD limit is imposed on the downlink. Specifically, we
consider n very large (n ~ ex::), which corresponds to the
maximum achievable capacity of n systems, the optimal n,
and n = 3 and 4. It can be seen that the optimal n in this
case, for almost all values of KIf K 1 ,00, is relatively small
(less than or equal to 4).

Let us now examine the downlink performance with or­
thogonal spreading sequences. To obtain specific results, we
assume that a nonshadowed user operates with an SNR of 2
dB, Assuming a data rate per user of 4.8 kbps and a spread
bandwidth of 1.25 MHz. the processing gain per coded symbol
is L = 130. Assuming J = 19 spot beams per satellite. 10 is
defined by

OC-·litlk
0.9

n-3

08 P/e=1.6

0.7

...J o 0 B=O.O
';:06

o 0
0

"'5..
0

0
0

~O.5 0
B=O.014

0
iii 0

~04
0

0
0

0.3
0

- B=O.122

0.2 ~

" - 8=0.276
/ ..... ~

0.1 V

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
KlIL

Fig. 14. Downlink total capacity when orthogonal spreading is employed:
PFD constraint on a per system basis.
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Typical values of 101 and 102 are 0.15 and 0.01, respectively,
so that 10 = 2.02. 101 represents the ratio of the multiple­
access interference from an adjacent cell to the multiple-access
interference from the cell-of-interest. Similarly, 102 is defined
as the ratio of multiple-access interference from a cell in
the second tier to the multiple-access interference from the
cell-of-interest.

Assuming c = 10 'dB and P = 12 dB (which corresponds
to the required fading margin with perfect interleaving for
a shadowed user to have comparable performance to that of
nonshadowed user, [2]), for a per system PFO limit, we present
in Table I some characteristic values of system parameters
when orthogonal sequences are employed. Note that, because
K 1 depends on B, for a given L, the degree to which
orthogonality can be exploited varies with B (i.e., the rows of
Table I correspond to different degrees of orthogonality). For
specific values of shadowing conditions (represented by the
value of B), the fourth and fifth columns correspond to the
limiting performance of a single system (when E 1 /No -- ex::).
The last two columns indicate the limiting values of capacity
for a single system such that single system capacities less
than these values result in n systems outperforming the single
system. That is, when the orthogonality is maintained only
on a per spot beam basis, corresponding to h = fo - 1 for
K 1 S L, any n > 1 achieves larger capacity than a single
system when the capacity of that single system is smaller than
the appropriate value given in the last two columns of Table I.

The capacity due to multiple service providers is shown
in Figs. 14 and 15. In both figures. again corresponding
to orthogonality only within each spot beam, capacities are
normalized with respect to the processing gain L (maximum
number of orthogonal sequences). In Fig. 14, n is taken to
be 3, and a family of curves for different values of B shows
the resulting capacity. Curves are plotted only up to the point
where n = :3 yields larger capacity than n = 1: In Fig. 15. for

Fig. 15. Downlink total capacity when orthogonal spreading is employed;
PFD constraint on a per system basis.
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the value of B equal to 0.2, the capacity is shown versus K1/L
for various values of n. These results for the downlink with
orthogonal spreading indicate that a capacity improvement
due to sharing is possible only when the: capacity of the
single system is relatively small to begin with. unlike the case
when nonorthogonal spreading is employed whereby n systems
always outperform a single system. That is, there is a penalty
for spectrum sharing when orthogonality is employed, in that
it results in a larger relative increase in the' total multiple­
access interference as seen by a mobile, compared to the case
with nonorthogonal spreading. This can be seen by comparing
(23) and (48). Because the second term in the denominator
of (48) is less than the corresponding term in (23), the third
term in the denominator of (48) has a proportionally larger
effect than does the third term of (23). This, in tum, requires
a larger transmit power per user for the same transmission
quality, which results in a corresponding increase in the PFD
and, thus, a reduction in the capacity.
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Fig. 19. Downlink total capacity with orthogonal spreading and double
coverage; aggregate PFD constraint.

Ii,.

When the orthogonality is employed both by a single system
and by multiple systems beyond just on a per spot beam
basis (i.e., if L > K 10 then the orthogonality extends to more
than one spot beam per set of orthogonal signals), and when

KKI < lI'A''''', (43) indicates that n systems (n > 1) always
1.00 0 3

yields larger capacity than does a single system. However, for
virtually any realistic set of parameter values, (44) indicates
that n = 1 is optimum whenever KKI > IIl.A"'.

1.00 0 3

Now we consider the case in which orthogonal sequences
are employed on the downlink and an aggregate PFD limit is
imposed. When orthogonality is maintained only within each
spot beam, then, if A3 < (l - 1/10 ), n systems yield larger
capacity than does a single system (see (47». If the inequality
is reversed, n = 1 is optimal. Figs. 16 and 17 compare the
capacity of n systems with the capacity of a single system for
B = 0.2 and B = 0.6, corresponding to capacity degradation
and capacity improvement, respectively.

It is of interest at this point to give an intuitive explanation
of results in Figs. 16 and 17, corresponding to an aggregate
PFD limit. By increasing the percent shadowing' in the system,
the PFD increases due to an increase in the transmit power
for shadowed users. With multiple systems, an increase in
B results also in increased shadowing of multiple·access
interference from other systems, as seen by a mobile. At some
point the latter effect starts to dominate the former, and any
further increase in B results in a smaller required average
transmit power per user, for the same transmission quality.
This, in turn, reduces the corresponding PFD, or, equivalently,
results in an increase of capacity. It should be noted, however,
that although a relative capacity improvement can be achieved
with multiple systems sharing the same spectrum for relatively
large values of B, the absolute capacity is decreasing with
B, and it is of primary importance to reduce the fraction of
shadowed users in the system. This can be accomplished by
employing satellite diversity.
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The effect of such a diversity configuration is twofold. First.
by having two satellites separated in orbit. the probability of
a mobile being shadowed to both satellites simultaneously is
reduced from what it is to only one satellite. Further. when a
specific mobile is shadowed to both satellites. the diversity
gain enables the use of a smaller transmit power for the
same performance. relative to the case when only a single
path is available. Figs. 18 and 19 illustrate the results for
the dual satellite diversity derived in the previous section;
Fig. 18 corresponds to a PFD limit per satellite. and Fig. 19
corresponds to an aggregate limit. In both figures. n = 4.
pI = 1. P" = c. and both the abscissa and ordinate axes are
normalized by the processing gain. L.

For convenience. a diagonal line labeled "single system" is
shown. Using this as a perspective. any point above and to the
left of that line corresponds to nKn > K 1• while any point
below and to the right corresponds nKn < K 1. From Fig. 18.
it is seen that for any of the shadow probabilities B = O. 0.1.
0.2 or 0.3. there is a crossover point such that for KIfL less
than some value. multiple systems yield higher capacity. while
for K 1 / L greater than that value. a single system is superior.
Alternately. from Fig. 19. a single system is preferable for
all values of KIf L for B = O. 0.1 and 0.2. while multiple
systems are better for B = 0.3.

If we compare Fig. 18 to Fig. 7. both of which correspond
to the down-link with a PFD limit on a per satellite basis and
such that orthogonal sequences on each spot beam are used.
we see there is no qualitative difference between the two. That
is. for a given value of B. a capacity threshold. say K t • is
reached. such that for K 1 < K t • 11 systems achieve greater
capacity. while for K 1 > K t • a single system can support
more users. The value of K 1 is. of course. a function of both
B and whether or not diversity is employed. but qualitatively.
the results are the same.

When we use an aggregate PFD limit. the relevant figures
are Fig. 19 and Figs. 10 and I I. Once again. we see no
qualitative difference in performance. With the aggregate PFD
constraint. we now see a threshold. say B t , of the probability
of shadowing. such that n > 1 is better for B > B h and
n = 1 is superior for B < B t .

VII. CONCLUSION

Whether a single system or multiple systems achieves
greater capacity is a function of a variety of parameters. among
which are the degree of shadowing. the type of PFD limit. and
the specific link under consideration (Le.. the uplink or the
downlink). To succinctly summarize some of our key results.
we list the following conclusions:

I) &Ir;~W!iN.:'"'cfWmel, when.. the PFD limit is on a
per system bas'" multiple systems always outperform a .
single system, on either the uplink or the downlink.

2) For an AWGN channel with an aggregate PFD limit.
there is no difference in total capacity between multiple
systems and a single system. on either the uplink or the
downlink.

3) When there is shadowing present on the uplink. a single
system always yields the highest capacity when an
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aggregate PFD is used; for a per system PFD. whether
a single system or multiple systems result in greater
capacity is a function of, among other things. the degree
of shadowing.

4) When shadowing is present on the downlink. and when
orthogonal sequences are used on a per spot beam basis.
for either a per system or an aggregate PFD constraint.
whether multiple systems achieve a higher net capacity
than that of a single system is. again, a function of the
degree of shadowing (among other things).

As indicated in the Introduction. if the intention of intro­
ducing a PFD limit is to control the amount -of interference
to terrestrial systems for the downlink, or· to space systems
for the uplink. it appears that an aggregate PFD limit is more
appropriate. Under this condition. a single system provider is
always more spectrally efficient on the uplink. and is more
efficient for system parameters of most practical interest for
the downlink. Indeed, even when the PFD limit is imposed on
a per system basis, it appears that for well-designed systems
(those that achieve relatively high capacity), a single system
outperforms n systems in terms of capacity.

ApPENDIX

PFD LIMIT VERSUS NORMALIZED CAPACITY

In this Appendix, we establish a relationship -between the
normalized system capacity, which was used throughout the
paper as a reference parameter. and several system parameters
which are usually used to characterize communication systems.
The relationship between the PFD limit and KIfK t.oo for the
downlink can be found as follows (a similar derivation can be
used the the uplink). From (21) and (25), we'have

( )

-1
K 1 1 NoL

K 1•
00

= + K 1E 1IoA 2

where

(A.2)

PI corresponds to the received power of a single user, and R
is the user's data rate in bps. The PFD is defined as power
per meter per specified bandwidth. Specifically, the PFD limit
specified by RR2566 is -142 dBW/m2/4 kHz [4]. The total
power received from K 1 users is K 1P1. Since the received
power is equal to the product of the PFD and the antenna
aperture. AR , the maximum received power from K I users is
related to the PFD limit by

K P - (PFD)ARWss (A.3)
11- 4xlO:.I

where Wss represents the spread bandwidth. One can then
show, from (A.1)-(A.3), that

K 1 ( RNoL(4 X103) )-1
- 1 + (A.4)

K 1,oo - IoA 2 AR{PFD)Wss

or. equivalently,

PFD = RNoL(4 x 10
3

) . (A.5)

IoA2A R {PFD) (K~:l"" - i)
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(A.8)

B 0.00 0.014 0.122 0.276

A2 1 1.21 283 5.14
KtlKt_ 0.5 0.55 0.74 0.84

KIlL 0.41 0.38 0.25 0.17

Example: Consider the following down-link parameters:
R = 9600 bps
L = 130 (numeric)
AR = -29 dB(m2 )

10 = 2.02
No = -204 dB(W/Hz)
PFD = 142 dB(W/m2/Hz)
Wss = 1.25 MHz (spread bandwidth).
From (A.5), one can obtain

~ = (1 + 0.488)-1 (A.6)
K1,oo .42

For different values of the shadowing factor B. the correspond­
ing values of KtiKl. x are shown in Table II.

As another example, consider the case when orthogonal
sequences are used in the downlink. whereby the orthogonality
is employed only on a per spot beam basis. Then. using a
similar derivation as for (A.4), one can obtain

K 1 2 [ NoRL(4 X103)]-1
T == SNR (Io - I)A2 + (PFD)ARW

ss
(A.7)

and for SNR == 1.62 (see [2]). the values of K tiL. corre­
sponding to the assumed PFD limit are given in the last row
of Table II.

By comparing the last row in Table II and last column in
Table I. it can be seen that, for our assumed system parameters.
the capacity improvement with n > 1 is possible only for
B == O.U and B == 0.014. For B == 0.122 and B = 0.276. the
capacity of a single system is larger. Actually. it follows from
(9), (10), (49), and (A.7) that a capacity improvement with
sharing is possible only if the following inequality is satisfied

B
2
(P - 1) ( 1 - ~) - B [;0 (P - 1) - (1 - ~) ]

1 [NoRL. 4 x 10
3

]
+ 1

0
(PFD)ARW

ss
- 1 > O.
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